Optical/near-infrared (optical/NIR; OIR) light from low-mass neutron star X-ray binaries (NSXBs) in outburst is traditionally thought to be thermal emission from the accretion disc. Here we present a comprehensive collection of quasi-simultaneous OIR and X-ray data from 19 low-magnetic field NSXBs, including new observations of three sources: 4U 0614+09, LMC X-2 and GX 349+2. The average radio-OIR spectrum for NSXBs is α ≈ +0.2 (where L ν ∝ ν α ) at least at high luminosities when the radio jet is detected. This is comparable to, but slightly more inverted than the α ≈ 0.0 found for black hole X-ray binaries. The OIR spectra and relations between OIR and X-ray fluxes are compared to those expected if the OIR emission is dominated by thermal emission from an X-ray or viscously heated disc, or synchrotron emission from the inner regions of the jets. We find that thermal emission due to X-ray reprocessing can explain all the data except at high luminosities for some NSXBs, namely the atolls and millisecond X-ray pulsars (MSXPs). Optically thin synchrotron emission from the jets (with an observed OIR spectral index of α thin < 0) dominate the NIR light above L X ≈ 10 36 erg s −1 and the optical above L X ≈ 10 37 erg s −1 in these systems. For NSXB Z-sources, the OIR observations can be explained by X-ray reprocessing alone, although synchrotron emission may make a low level contribution to the NIR, and could dominate the OIR in one or two cases.
INTRODUCTION
In low-mass neutron star X-ray binary (NSXB) systems, matter is accreted onto a neutron star from a companion via a disc which radiates in the optical, ultraviolet and X-ray regimes. Some of the accreting matter and energy in X-ray binaries (XBs) can be released from the system through collimated outflows (jets). Evidence for jets associated with NSXBs date back more than a decade (Stewart et al. 1993; Bradshaw, Fomalont & Geldzahler 1999; Fomalont, Geldzahler & Bradshaw 2001) but not until recently has the evidence emerged from any waveband other than the radio. Callanan et al. (2002) found that infrared K-band flaring in the 'Z-source' NSXB GX 17+2 could not be explained by an X-ray driven wind or reprocessed X-rays, but shared many properties with the radio ⋆ Email: davidr@phys.soton.ac.uk (i.e. jet) variability previously seen in the same source. It is worth noting that the near-infrared (NIR) counterpart of GX 13+1 is also largely variable (Charles & Naylor 1992) . Recently, for the first time spectrally detected optically thin synchrotron emission from the jets of an 'atoll' NSXB 4U 0614+09 in the mid-infrared.
In the optical regime, many spectral and timing studies of NSXBs have established the presence of an accretion disc reprocessing X-ray photons to optical wavelengths (e.g. McClintock et al. 1979; Lawrence et al. 1983; Kong et al. 2000; McGowan et al. 2003; Hynes et al. 2006) . In quiescence, the companion star can come to dominate the optical/NIR (OIR) emission (e.g. Thorstensen, Charles & Bowyer 1978; Chevalier et al. 1989; Shahbaz, Naylor & Charles 1993) , as is the case in high-mass X-ray binaries (e.g. van den Heuvel & Heise 1972) and low-mass X-ray binaries that accrete from a giant star. X-ray reprocessing is generally thought to dominate the OIR emission of non-quiescent NSXBs (see van Paradijs & McClintock 1995 for a review; see also Chen, Shrader & Livio 1997; Charles & Coe 2006) . In low-mass black hole candidate X-ray binaries (BHXBs), additional OIR emission mechanisms have been observed, in particular from the viscously heated disc (e.g. Kuulkers 1998; Brocksopp et al. 2001; Homan et al. 2005) and from compact jets (e.g. Han & Hjellming 1992; Fender 2001; Corbel & Fender 2002; Hynes et al. 2003; Brocksopp, Bandyopadhyay & Fender 2004; Buxton & Bailyn 2004; Russell et al. 2006) .
Recently, an anomalous transient NIR excess has been observed in a number of millisecond X-ray pulsar (MSXP) NSXBs at high luminosities, which is equivocal in nature. The source most studied is SAX J1808.4-3658, for which Wang et al. (2001) found a NIR flux almost one order of magnitude too bright to originate from X-ray heating. The NIR flux density was comparable to a radio detection of 0.8 mJy (with a flat 2.5-8.6 GHz spectrum) seen one week after the NIR excess. Greenhill, Giles & Coutures (2006) also reported an I-band excess in a different outburst of the same source, which they attributed to synchrotron emission. In addition, a variable I-and R-band excess in XTE J0929-314 seen on the same day as a radio detection (Giles et al. 2005) , and a transient NIR excess in XTE J1814-338 (Krauss et al. 2005) and IGR J00291+5934 (Torres et al. 2007 ) were all interpreted as synchrotron emission from the jets in the systems. The NIR excess appears to be ubiquitously absent at lower luminosities.
Steady, partially self-absorbed jets probably exist in low-magnetic field (B < ∼ 10 ∼11 G) NSXBs in hard X-ray states Massi 2006) . These include 'atoll-type' sources in the 'island' state, 'Z-type' sources in the 'horizontal branch' and possibly the 'normal branch' 1 and transients at low accretion rates (LX < ∼ 0.1L Edd ) such as MSXPs. Massi (2006) shows on theoretical grounds that the existence of jets in NSXBs depends on the magnetic field and mass accretion rate, and the conditions required for jet ejection are probably fulfilled for most of the NSXBs (Z-sources, atolls and MSXPs) with known magnetic field strengths. In Russell et al. (2006;  hereafter Paper I), we predicted that emission from the jets could contribute or even dominate the OIR light of NSXBs at high X-ray luminosities, for sources in a hard X-ray state. This is expected if LOPT,jet ∝ L 1.4 X (a theoretical relation supported by radio-X-ray observations; and LOPT,XR ∝ L 0.5 X (where XR is X-ray reprocessing in the disc), as is predicted and observed (van Paradijs & McClintock 1994; Paper I) . In the sample of Paper I there were too little data at high X-ray luminosities to test this prediction for NSXBs.
In this paper we analyse quasi-simultaneous OIR and Xray data and OIR spectra of a large, comprehensive sample of NSXBs in order to constrain the LX-dependent dominating OIR emission processes and to test the above prediction. Data are collected from transient NSXBs: atolls, MSXPs and Z-sources. We use the technique (Paper I) of comparing the relations between the quasi-simultaneous OIR and Xray fluxes with the relations predicted from models of three 1 These states correspond to the position of the source in the X-ray colour-colour diagram; see Hasinger & van der Klis 1989. OIR emission processes: a viscously heated disc, an X-ray reprocessing disc and synchrotron-emitting jets. We also inspect the spectral index of the OIR continuum, which differs largely between emission from the disc and from the jets. If the radio/OIR jet behaviour is ubiquitous in NSXBs, its properties will constrain many parameters in these systems, in particular the power of the jets (if the jet radiative efficiency can be constrained) and the wavelength-dependent jet contribution at a given X-ray luminosity.
METHODOLOGY & RESULTS
A wealth of OIR and X-ray data from atolls, Z-sources and MSXPs were collected from the literature and converted to intrinsic luminosities (or monochromatic luminosities) in the same manner as described in Section 2 of Paper I. Much of the data we use here were obtained for Paper I, however we have sought additional quasi-simultaneous OIR and X-ray data (and OIR spectral energy distributions; SEDs, which were not collected for Paper I) for the purposes of obtaining a comprehensive sample for this work (see Tables 1 and 2 for the references of the new data).
Estimates of the distance to each source, the optical extinction AV and the HI absorption column NH used here are listed in Table 2 of Paper I and Table 1 of this paper. No data were included for which the OIR contribution of the companion star could be significant (i.e. quiescence for most sources) unless this contribution is known. For these data we subtracted the star light contribution. For the Zsources, OIR data were only included when the OIR fluxes were significantly higher than the lowest measured for each source in each waveband, to ensure minimal contamination from the companion. When two or more OIR wavebands were quasi-simultaneous, OIR SEDs were produced in order to spectrally constrain the origin of the OIR emission. In addition to the data collected from the literature, we obtained OIR photometry of three NSXBs using two telescopes; the observations and data reduction are discussed in the following subsections.
While quasi-simultaneity was achieved in most cases with use of the RXTE ASM X-ray daily monitoring, this is not possible for some historical OIR observations. In these cases we include the data only in the OIR SEDs. Similarly, for some sources OIR-X-ray quasi-simultaneity was achieved, but there was only one OIR waveband available so OIR colours and SEDs were not obtained (e.g. GX 17+2). Quasi-simultaneous OIR-X-ray data were available for five sources (LMC X-2, Cyg X-2, Cen X-4, 4U 0614+09 and Aql X-1) before the advent of the RXTE (Kaluzienski, Holt & Swank 1980; Canizares, McClintock & Grindlay 1980; Charles et al. 1980; Bonnet-Bidaud et al. 1989; Hasinger et al. 1990; van Paradijs et al. 1990; Machin et al. 1990 ).
Observations with the Danish 1.54-m Telescope
V RIZ-band imaging of two Z-sources, GX 349+2 and LMC X-2, were taken in July 2001 using the camera on the Danish Faint Object Spectrograph and Camera (DFOSC). Table 3 lists the observations used in this work. De-biasing and flat 
Columns give: (I) source names; (II) X-ray classification; (III) distance estimate; (IV) orbital period of the system; (V) mass of the neutron star in solar units (assumed to be ∼ 1.4M ⊙ if unconstrained); (VI) mass of the companion star in solar units; (VII) and (VIII) interstellar reddening in V -band, and interstellar HI absorption column ( * A V and † N H are estimated here from the relation N H = 1.79 × 10 21 cm −2 A V ; Predehl & Schmitt 1995); (IX) the companion star OIR luminosity contribution in quiescence; (X) The maximum time separation, ∆t, between the OIR and X-ray observations defined as quasi-simultaneous; (XI) References for the quasi-simultaneous OIR and X-ray fluxes collected. References: (1) Torres et al. (2007) ; (2) Boyd et al. (2000) ; (3) Kovács (2000); (4) Galloway et al. (2002); (5) Jonker & Nelemans (2004) ; (6) Kennea et al. (2006) ; (7) Wachter & Margon (1996) ; (8) Strohmayer et al. (2003) ; (9) Bandyopadhyay et al. (1999) ; (10) Kuulkers et al. (2002) ; (11) Kawai & Suzuki (2005) ; (12) Galloway et al. (2005b) ; (13) Shaw et al. (2005) ; (14) Ritter & Kolb (2003) ; (15) Kaaret et al. (2006) ; (16) Galloway et al. (2005a) ; (17) Crampton et al. (1990) ; (18) Johnston , Fender & Wu (1999) ; ( (1997); (52) Gilfanov et al. (1998) ; (53) Campana et al. (2004) ; (54) Greenhill et al. (2006) ; (55) Bailyn, Neil & Maitra (2006) fielding was performed with IRAF and aperture photometry of the targets and the standard star LTT 7987 (V = 12.23 mag; R = 12.29; I = 12.37; Z = 12.50; Hamuy et al. 1992; was achieved using PHOTOM. GX 349+2 was detected with a significance of > 8σ in all exposures (most were > 50σ detections). For LMC X-2 we aligned and combined the six exposures in each filter on MJD 52115 to achieve a higher signal-to-noise ratio (S/N). No combined images were created from the observations of this source on MJD 52117 as the S/N was sufficiently high for photometry. LMC X-2 was detected at a significance level of > 4σ in the Z-band images and > 20σ in all other images used in this work. In Fig. 1 we present the finder charts for LMC X-2.
The measured fluxes were accounted for airmassdependent atmospheric extinction according to Burki et al. (1995) . We flux-calibrated the data using LTT 7987. For References: see caption of Table 1 .
GX 349+2 we measured the flux of three stars in the field of view with known V and R-band magnitudes (stars 2, 5 and 7 listed in Wachter & Margon 1996) and found their magnitudes to differ from those previously reported by ∼ 0.04 mag. The resulting fluxes obtained for GX 349+2 and LMC X-2 were de-reddened to account for interstellar extinction using the values of AV listed in Table 1 (AR, AI and AZ were calculated according to the recipe in Paper I).
UKIRT Observations of 4U 0614+09
NIR imaging of 4U 0614+09 was obtained with the 3.8 m United Kingdom Infrared Telescope (UKIRT) on 2002 February 14 (MJD 52319.3), using UFTI, the UKIRT Fast Track Imager (Roche et al. 2003) . Jittered observations of 4U 0614+09 were made in the J, H and K filters, with 9×30 s exposures in both J and H, and 9×60 s exposures in K. The infrared standard star FS 120 (J = 11.335 mag; H = 10.852; K = 10.612) was also observed for a total of 50 s, 25 s and 25 s in J, H and K, respectively. The airmass of the standard and 4U 0614+09 were very similar: 1.004-1.036. The 'JITTER-SELF-FLAT' data reduction recipe was used, which created a flat field from the sequence of 9 jittered object frames and a dark frame. After dark subtraction and flat fielding, a mosaic was generated from the 9 object frames. Photometry was carried out using IRAF. 4U 0614+09 was detected with a significance of 7.1σ in J, 15.3σ in H and 11.5σ in K. Flux calibration was achieved using FS 120, yielding the following de-reddened (AV = 1.41) flux densities for 4U 0614+09: Fν,J = 0.145 ± 0.037 mJy; Fν,H = 0.139 ± 0.020 mJy; Fν,K = 0.111 ± 0.022 mJy (the apparent reddened magnitudes are J = 18.12; H = 17.50; K = 16.38).
Results
In the upper panels of Figs. 2 and 3 we plot the quasisimultaneous OIR and X-ray data. The OIR monochromatic luminosity, Lν,OIR is plotted against L 1/2 X a (where a is the orbital separation) in Fig. 2 in order to test the X-ray reprocessing model. In Fig. 3 , Lν,OIR is plotted against LX: the plot necessary to test the models of jet and viscous disc OIR emission (Paper I). These plots are the same as the left and right panels of Fig. 5 in Paper I, with the new NSXB data added and the data from BHXBs removed.
The orbital separations, as with Paper I, are inferred from the best known estimates of the orbital period and masses of the neutron star and companion (listed in Table 1, and Table 2 of Paper I). For systems with observationally unconstrained neutron star masses, we assume Mco ≈ 1.4M⊙. We do not include data in Fig. 2 from systems in which the orbital period or the companion mass is unconstrained. We note that data from Cir X-1 in Fig. 2 (open circles in the top right corner of the figure) may not be representative because its orbit is eccentric and so the orbital separation cannot be accurately inferred using this method.
The power law lines in Figs. 2 and 3 represent the expected correlations for X-ray reprocessing (van Paradijs & McClintock 1994) and jet emission (solid line; ; Paper I), respectively. The jet model is normalised to the observed radio-X-ray data ) assuming a flat (optically thick) radio-OIR jet spectrum and the X-ray reprocessing model is normalised to the the optical (BV RI) NSXB data of Paper I. The dotted power laws in Fig. 2 represent the expected relation for NIR data dominated by X-ray reprocessing assuming an OIR spectral index of α = 0.5 and α = 2.0 (where Lν ∝ ν α ). Although the different orbital inclinations between these sources could change the X-ray and OIR lumi- nosities observed and hence these X-ray-OIR relations, we showed in Paper I that inclination doesn't appear to play a significant role. The lower panels of Figs. 2 and 3 describe the dependence of the shape of the OIR spectrum with L 1/2 X a and LX, respectively. The spectral index α is calculated for all OIR data where two or more optical or NIR data points are quasi-simultaneous. The spectral index of the optical (using data in the B, V or R-bands) and NIR (R, I, J, H or K-bands) data are shown separately. We define the Rband as the break between optical and NIR here because it is often the R − I colours that indicate the NIR excess (and for many of these observations JHK data were not obtained). For consistency (and to separate the two wavebands used to calculate α) we use the two lowest frequency NIR bandpasses in each OIR SED to calculate αNIR and the two highest frequency optical bands to calculate αOPT. Data from the Z-sources are shown as different symbols to the atolls/MSXPs because the spectral index of the former group appears to behave differently to that of the latter (see Section 3.2).
We have also compiled luminosity-calibrated OIR SEDs of 17 NSXBs (Fig. 4) . The references for the data are listed in Tables 1 and 2, and Table 2 of Paper I. In Section 3 we attempt to interpret the OIR-X-ray plots and OIR SEDs in terms of the dominating optical and NIR emission processes.
INTERPRETATION & DISCUSSION

OIR -X-ray Relations
In the upper panels of Figs. 2 and 3 we improve on Fig. 5 of Paper I with a larger sample of NSXB data. Focusing on the upper panel of Fig. 3 , we see that the global relation LOIR ∝ L 0.6 X for NSXBs (Paper I) does not hold at high X-ray luminosity (LX ∼ > 10 37.5 erg s −1 ); the OIR is more luminous than expected from this relation. This is inconsistent with the model for emission from a viscously heated disc (Paper I), which requires a relation LOIR ∝ L 0.5 X for optical data and LOIR ∝ L 0.3 X for NIR (Fig. 3) . We can therefore rule out a viscous disc origin to the OIR emission, at least at LX ∼ > 10 37.5 erg s −1 . The upper panel in Fig. 3 shows that the jet model lies close to the data at high LX, suggesting the OIR enhancement at these luminosities may be caused by the domination of the jet. The jet model cannot describe the data at low LX ( ∼ < 10 36 erg s −1 ). However, the upper panel of Fig. 2 indi- cates that all the optical data also lie close to the expected relation for X-ray reprocessing in the disc. Hence, only the data above LX ∼ > 10 36 erg s −1 could arise due to the presence of a jet.
The Z-sources, which tend to have much longer orbital periods (and hence larger orbital separations) than atolls and MSXPs, dominate the highest X-ray luminosities. These sources spend most of their time in a soft X-ray state and in fact have radio luminosities lower than predicted by the NSXB hard state radio-X-ray relation if the radio emission originates in the jet . We would therefore expect the OIR emission from the jets in Z-sources to also be lower than the model in Fig. 3 unless the radio-OIR jet spectrum is inverted (positive). In fact from Fig.  3 of we see that at LX ∼ 10 38 erg s −1 , L radio ∼ 10 30 erg s −1 and so from Fig. 3 here, the radio-OIR spectral index for Z-sources 2 is α ∼ 0.2. With this information alone, the jets can only dominate the OIR of Z-sources if the radio-OIR spectrum is inverted.
OIR Spectral Index -X-ray Relations
Since the dominating OIR emission processes in NSXBs are unclear (at least at high LX) from the OIR-X-ray relations, we now turn to the OIR spectra. We see from the lower panel of Fig. 3 that there is a relation between LX and αNIR for MSXPs and atolls: the NIR spectrum becomes redder at higher luminosities. Quantitatively, αNIR becomes negative when LX ∼ > 10 36 erg s −1 and αNIR is positive for all data below LX ≈ 10 35 erg s −1 . This is opposite to the behaviour of BHXBs, where there is evidence in some systems for the OIR spectrum in the hard state to become redder at low luminosities (Paper I). If the origin of the emission is the disc blackbody, we would expect a bluer (hotter) spectrum at higher luminosities.
The only process expected to produce an OIR spectrum of index α < 0 at high luminosities in these systems is optically thin synchrotron. It is therefore intriguing that αNIR < 0 for atolls and MSXPs when LX ∼ > 10 36 ergs −1 s −1 ; the X-ray luminosity range in which the jet could play a role (Fig. 3, upper panel) . Since there are just five NIR data points in the lower panel of Fig. 3 ; 2-10 keV)
X a (where a is the orbital separation) versus OIR monochromatic luminosity (upper panel) and optical and NIR spectral index (lower panel) for NSXBs. OPT and NIR refer to the optical and NIR wavebands, respectively (also applies to Fig. 3 ). In the upper panel, the model for optical emission from X-ray reprocessing (solid line) is derived from vP&M (van Paradijs & McClintock 1994) and normalised to the optical data of Paper I. The dotted lines show the expected relation for X-ray reprocessing from NIR data, assuming a NIRoptical spectral index of α = 0.5 (upper dotted line) and α = 2.0 (lower dotted line). In the lower panel, the Z-sources have different symbols to the atolls and MSXPs (also applies to Fig. 3 ). Data were not included for sources with unknown orbital periods or companion masses (Table 1, and Table 2 s −1 , we perform a Kolmogorov-Smirnov (K-S) test to quantify the significance of the apparent αNIR-LX relation for the atolls/MSXPs. We use the 'Numerical recipes in FORTRAN' (Press et al. 1992) routine 'kstwo' which is the K-S test for two data sets, to determine if the values of αNIR differ significantly below and above LX = 10 35 erg s −1 . The maximum difference between the cumulative distributions is D = 0.91 with a corresponding probability of P = 5.0 × 10 −4 ; i.e. the probability that the NIR spectral index of the data below LX = 10 35 erg s −1 belongs to the same population as the data above LX = 10 35 erg s −1 is 0.05 percent. In addition, we have carried out a Spearman's Rank OPT; Atolls + MSXPs OPT; Z-sources NIR; Atolls + MSXPs NIR; Z-sources Figure 3 . Quasi-simultaneous X-ray luminosity versus OIR monochromatic luminosity (upper panel) and optical and NIR spectral index (lower panel) for NSXBs. In the upper panel, the jet model for NSXBs assumes a flat spectrum from radio to OIR and adopts the relation L radio ∝ L 1.4 X (M&F: ). The models for optical and NIR emission from a viscously heated disc are also shown, normalised to the optical and NIR data, respectively. correlation test on the αNIR-log LX and αOPT-log LX data of atolls/MSXPs (Table 4) . We find an anti-correlation between αNIR and log LX at the 3.8σ confidence level, supporting the above K-S test results. We do not find a significant relation between αOPT and log LX except when we impose a somewhat arbitrary X-ray luminosity cut: for data above LX > 10 36 erg s −1 there is an anti-correlation at the 3.5σ confidence level. This again could be due to the jet contribution dominating at these highest luminosities. The confidence of this result should be taken with caution as it could be dominated by the group of data with the highest αOPT values which happen to lie just above the LX = 10 36 erg s
cut. The optical spectral index αOPT is generally positive for atolls and MSXPs (Fig. 3 lower panel) , but decreases at LX ∼ > 10 37 erg s −1 . We would expect αOPT to become negative at a higher X-ray luminosity than αNIR if the origin of the redder emission component is the jets. As the X-ray luminosity is increased, the optically thin synchrotron jet 
component will dominate over X-ray reprocessing in the NIR bands before the optical as the jet component has a negative spectral index. At LX > 10 37 erg s −1 , αOPT is negative in 63 percent of the optical data of atolls/MSXPs. Below LX = 10 37 erg s −1 this is 7 percent. These few data in the latter group with αOPT < 0 are at low LX (< 10 34 erg s −1 ) and may be due to cooler accretion discs (possibly like the BHXBs; Paper I). However, the mean uncertainty in the values of α are fairly large, so we can only make conclusions from general trends and not individual data points.
Almost all of the spectra of the Z-sources are blue (α > 0; Fig. 3 lower panel) . This supports the suggestion in Section 3.1 that X-ray reprocessing dominates the OIR of the Z-sources due to their larger accretion discs and lower radio jet luminosities (at a given LX). The Z-sources cannot be dominated by optically thin synchrotron emission as this requires α < 0. Since the radio-OIR spectrum of Z-sources is α ≈ 0.2 (Section 3.1), the optically thick part of the jet spectrum could dominate the OIR if αOIR ≈ 0.2 also (although this requires the optically thick/thin break to be in the optical regime or bluer). αOPT,NIR > 0.2 is observed for most of the data from the Z-sources (Fig. 3 lower panel) , which implies this is not the case, however we cannot rule out an optically thick jet origin to a few of the OIR Z-source data (those with lower spectral index).
The lower panel of Fig. 2 shows how the optical and NIR spectral index changes with L 1/2 X a. The Z-source data in this panel have the largest values of L 1/2 X a. The expected level of OIR emission from reprocessing in the disc in these systems is larger than that of the atolls/MSXPs due to their larger accretion discs and higher X-ray luminosities, further supporting the X-ray reprocessing scenario.
The OIR SEDs
The SEDs of individual sources in Fig. 4 allow us to see how the luminosity-dependent optical and NIR spectral indices differ between sources. We group the panels in Fig. 4 into the different types of NSXB: MSXPs in the upper panels, then atolls, then Z-sources in the lower panels.
One can visually see a NIR excess (α < 0) joining a blue (α > 0) optical spectrum in the SEDs of four of the five MSXPs (the 'V'-shape). This is indicative of two separate spectral components and is observed in at least three hard state BHXBs (Corbel & Fender 2002; Homan et al. 2005 ; Paper I), where it is interpreted as the optically thin jet spectrum meeting the thermal spectrum of the accretion disc. The NIR excess disappears at low luminosities in a total of four outbursts of three MSXPs; no NIR excess is seen below Lν,OIR < 10 18 erg s −1 Hz −1 in any MSXP or in fact any NSXB.
Of the five atolls in Fig. 4 , one (Aql X-1; the atoll with the most data and highest luminosity) has a negative spectral index; more-so at high luminosity. There is little NIR coverage of atolls in the literature (at least at high luminosities) and from the data we have, the OIR SEDs are positive in all sources except Aql X-1, consistent with the disc dominating the OIR. The optical spectral index for Aql X-1 is very negative at the highest luminosities, suggesting all of the OIR was dominated by the jets during the peak of the bright 1978 outburst of this source. The SED of 4U 0614+09 flattens (becomes redder) in the NIR; this is known to be where the disc spectrum meets that of the jet .
There is no evidence for a jet (α < 0) component contributing to the OIR spectra of any of the seven Z-sources in Fig. 4 . As was shown above, the jets should be OIRbright in Z-sources but because of their larger discs, X-ray reprocessing dominates. For the new transient Z-source XTE J1701-462 (Homan et al. 2007) , the optical extinction is not well constrained and we show three SEDs in Fig. 4 of the same data, using different values of AV to illustrate the possible range in spectral indices (we have not included any data from XTE J1701-462 in the lower panels of Figs. 2 or 3 because of these uncertainties in α).
The Full Picture
From the information gathered in Sections 3.1-3.3, the picture is now emerging of the dominating OIR emission processes for the different types of NSXB at different luminosities. For NSXBs at low luminosities (LX ∼ < 10 36 erg s −1 ), the correlations and spectra are consistent with X-ray reprocessing dominating the OIR. The data are inconsistent with emission from the jets at these luminosities.
We can rule out a viscously heated disc origin to the NIR data of all NSXBs since that requires LNIR ∝ L ∼0.3 X which is not observed (Fig. 3) . Similarly the viscous disc cannot dominate the optical light of NSXBs at LX ∼ > 10 37.5 erg s −1 but could below this luminosity as LOPT ∝ L ∼0.5 X is required and observed. The jets dominate the NIR and optical light of atolls/MSXPs above LX ≈ 10 36 and LX ≈ 10 37 erg s −1 respectively, as the spectral indices of the continuum cannot be explained by thermal emission. The SEDs of the transient NSXBs with the best sampling show the physical disappearance at low luminosity of a NIR excess which is present at high luminosity. These observations are also consistent with the jet OIR-X-ray model.
For Z-sources, the OIR-X-ray relations and OIR spectra are consistent with emission from X-ray reprocessing. The jets and viscously heated disc can be ruled out in most Zsources, however the optical and NIR spectral indices in a few observations are also consistent with an optically thick jet which extends from the (measured) radio flux.
We can make a direct measurement of the jet radio-NIR spectral index for the atolls/MSXPs, using the NIR data which are dominated by the jets. In the luminosity range 10 36 < LX < 10 37 erg s −1 , the NIR data with a negative spectral index is on average 0.70 dex more luminous than expected from the jet model (which assumes a flat radio-NIR spectrum; we know the radio luminosity at this LX from . Some low level contribution from the disc could only partly explain this ex- Tables 1 and 2 and Table 2 of Paper I. The mean systematic error for the data of each source is indicated in each panel (in the top left corner in most cases).
cess. The corresponding radio-NIR spectral index in that range of LX is α ≈ 0.16 (0.70 dex in luminosity divided by 4.5 dex in frequency between radio and NIR). The optically thick to optically thin break frequency in NSXBs is thought to be in the mid-IR , making the optically thick radio-mid-IR jet spectrum more inverted; α thick ≥ 0.2. The spectral evidence for the existence of synchrotron-emitting jets in NSXBs presented in this paper (and showed for the first time by ), along with radio detections which are sometimes resolved (see Fomalont et al. 2001; , have direct implications for the local conditions and accretion processes in NSXBs. For example, according to Massi (2006) Massi (2006) , MSXPs only satisfy this condition if we adopt the largest mass accretion rates and smallest magnetic field strengths measured. Empirically we do see the jet only at high luminosities and hence high mass accretion rates. The atolls and Z-sources more easily satisfy the condition for jet production, except for the highest magnetic field strengths measured in Z-sources. Since we know jets exist in all three flavours of NSXB at least at high luminosities, perhaps the measured mass accretion rates and magnetic field strengths are under-and over-estimated respectively, in some cases.
CONCLUSIONS
We have shown that the dominating OIR emission processes in NSXBs vary with X-ray luminosity and between source types (atolls/MSXPs and Z-sources). However, a clearer picture seems to emerge than the dominating emission processes of BHXBs (Paper I). Models predict that X-ray reprocessing in the accretion disc should dominate the OIR at low luminosities and the jets, if present, should dominate at high luminosities for NSXBs with relatively small accretion discs.
From the observed spectral index of the OIR continuum and from OIR-X-ray relations we show that this is the case in atolls and MSXPs: the jets dominate the NIR and optical emission above LX ≈ 10 36 erg s −1 and LX ≈ 10 37 erg s −1 , respectively. Below these luminosities X-ray reprocessing dominates, although we cannot rule out a viscously heated disc origin to the optical emission. We have shown that the radio-NIR spectral index of the jets in the atolls/MSXPs is slightly inverted: α ≈ 0.16, at least at high X-ray luminosities (10 36 -10 37 erg s −1 ). In the Z-sources, which have larger discs, we find that X-ray reprocessing is responsible for all OIR emission, and the radio-OIR jet spectrum has to be α ≤ 0.2 (otherwise the jet spectrum would dominate over the disc). However, the optically thick part of the jet spectrum could dominate in a few cases.
Evidence for the existence of NSXB jets is mounting both from radio detections (which are sometimes resolved; see e.g. Fomalont et al. 2001 ) and spectrally from higher frequency observations ; this paper). The power carried in NSXB jets is sensitive to the position of the break between optically thick and thin emission in its spectrum, and is currently a topic of debate. This is constrained in 4U 0614+09 , where it is likely to lie in the mid-infrared. Mid-infrared and NIR photometry and polarimetry could shed light on this; optically thin synchrotron emission is expected to be highly polarised if the magnetic field is ordered.
